Ischemia/reperfusion (I/R) is a major cause of acute kidney injury (AKI), along with delayed graft function, which can trigger chronic kidney injury by stimulating epithelial to mesenchymal transition (EMT) in the kidney canaliculus. Sphingosine 1-phosphate receptor 1 (S1P1) is a G protein-coupled receptor that is indispensable for vessel homeostasis. This study aimed to investigate the influence of S1P1 on the mechanisms underlying I/R-induced EMT in the kidney using in vivo and in vitro models. Wild-type (WT) and S1P1-overexpressing kidney canaliculus cells were subject to hypoxic conditions followed by reoxygenation in the presence or absence of FTY720-P, a potent S1P1 agonist. In vivo, bilateral arteria renalis in wild-type mice and mice with silenced S1P1 were clamped for 30 min to obtain I/R models. We found that hypoxia/reoxygenation (H/R) significantly enhanced the expressions of EMT biomarkers and down-regulated S1P1 expression in wild-type canaliculus cells. In contrast, FTY720-P treatment or overexpression of S1P1 significantly suppressed EMT in wildtype canaliculus cells. Furthermore, after 48-72 h, a significant upregulation of EMT biomarker expression was triggered by I/R in mice with silenced S1P1, while the expressions of these markers did not change in wild-type mice. A kt activity was increased with H/R-induced EMT, suggesting that the protective influence of FTY720-P was due to its inhibition of PI3K/Akt. Therefore, the results of this study provide evidence that down-regulation of S1P1 expression is essential for the generation and progression of EMT triggered by I/R. S1P1 exhibits a prominent inhibitory effect on kidney I/Rinduced EMT in the kidney by affecting the PI3K/Akt pathway.
Introduction
Ischemia/reperfusion (I/R) injury is comparatively common following both systemic and local events that involve decreased tissue perfusion, such as complications after vessel surgeries, postponed graft function, myocardial infarction, acute kidney injury (AKI), sickle cell disease, and trauma, followed by resuscitation [1] [2] [3] .
Previous studies have shown an interaction between AKI and chronic kidney disease (CKD). When AKI occurs, kidneys can either regain function or degenerate [4, 5] . Damage to endothelium at the early stage results in immunocyte enrollment, elevated small vessel permeability, vessel constriction, and promotion of coagulation. AKI can be prevented by avoiding endothelial malfunction [6] . Consequently, the protective functions of the endothelium are essential in counteracting the development of renal injury and subsequently CKD. Nevertheless, the process whereby endothelial function is regained during renal recovery is still unclear [7] .
Epithelial to mesenchymal transition (EMT) in proximal kidney canaliculus cells leads directly to kidney fibrosis [8] and can be caused by hypoxia, FGF-2, reactive oxygen species (ROS), and TGF-β [9, 10] . During kidney cell transdifferentiation, kidney canaliculus cells undergo a genetic transformation that includes a shortage of epithelium biomarkers, insufficient intercellular contact, contact between cells and the basement membrane, acquisition of a myofibroblast phenotype, and upregulation of expressions of mesenchymal biomarkers, such as alpha-smooth muscle actin (α-SMA), vimentin (VIM), and fibronectin (FN) [11] .
A natural sphingolipid, S1P, is a ligand to five G-protein coupled receptors (S1P1R-S1P5R) that participate in a variety of reactions [12] [13] [14] . For example, FTY720, a new oral treatment for multiple sclerosis, undergoes rapid phosphorylation in vivo and is converted to FTY720-P, which interacts with all S1P receptors except S1P2 [15] . In a variety of illnesses, FTY720 reversibly induces the movement of lymphocytes from the circulatory system into the secondary lymphatic tissue, counteracting inflammation and strengthening healthy tissues [16] . FTY720 can also prevent kidneys from I/R injury by activating S1P1 in proximal tubules [17, 18] . S1P1 then interacts with several agonists, including FTY720-P and SEW2871, to suppress cell death and promote cell viability by avoiding mitochondrial malfunction due to Bax translocation, and suppressing cytochrome c delivery and Bcl-2 modulation [19] [20] [21] [22] .
With the help of in vivo and in vitro models and both histological and biomolecular approaches, we aimed to identify the influence of S1P1 on I/R-induced EMT, and to determine its possible therapeutic value.
Materials and Methods

Materials
FTY720 and FTY720-P were generously provided by Novartis (Basel, Switzerland). The bioactive phosphorylated form (FTY720-P) was utilized for in vitro experiments, while the unphosphorylated form (FTY720) was used in the in vivo experiments. The PI3K/Akt suppressor Wortmannin was obtained from Sigma-Aldrich (St Louis, USA).
Animals and drug treatment
All procedures were approved by Institutional Animal Care and Use Committee of Wuhan University (Wuhan, China). Only C57BL/6 mice aged 10-12 weeks were used in our study. Wild-type mice used in preliminary experiments were obtained from the Model Animal Research Center of Wuhan University (Wuhan, China). S1P1 null (PepckCreS1P1 fl/fl ) mice and their corresponding littermates with wild-type S1pr1 alleles, used as the control group, were purchased from the Experimental Animal Center of Chinese Academy of Sciences (Shanghai, China). Mice were fed with standardized diets and were given water ad libitum. A 3% bis(trimethylsilyl)acetamide (BSA; Sigma) in phosphate buffer solution (BSA/PBS vehicle) without fatty acids was used to prepare FTY720 stock solution.
Sodium pentobarbital (50 mg/kg; I.P.) was used to induce narcosis in mice before they were placed on a temperature-controlled table that maintained body temperature at 37°C. Bilateral arteria renalis were exposed before they were clamped for 30 min, while the kidneys were maintained under humid and warm conditions. When the clamping was released, renal reperfusion was observed. Incisions on the abdominal wall were then sewn up. Following the procedure, mice were kept in warm chambers to recover for 48 or 72 h. Blood specimens were collected to examine creatinine. Each mouse was executed with the help of suffocation by CO 2 before cervical dislocation. Kidneys were obtained and weighed. Liquid nitrogen was used to snap-freeze half of the left kidney, which was preserved at −70°C until molecular treatment. The other half was fixed with formalin, embedded in paraffin, and then cut into sections (4 μm) which were subject to subsequent Periodic acid-Schiff (PAS) staining. Control mice received sham operations which included the same operation but without clamping the arteria renalis.
Cell culture
Proximal canaliculus epithelium HK2 cells were obtained from the American Type Culture Collection (ATCC; Manassas, USA). Dulbecco's modified Eagle medium (DMEM)-F12 (17.5 mM glucose) supplemented with 10% fetal bovine solution (FBS; Biochrom AG, Berlin, Germany), streptomycin (100 μg/ml), penicillin (100 U/ml) and 2 mM L-glutamine was used to culture the cells. Cell cultures were maintained under 5% CO 2 at 37°C, and cells were serum-starved for 24 h before using in this experiment.
Cell transfection
Lipofectamine 2000 (Invitrogen, Carlsbad, USA) was used to transfect HK2 cells with pcDNA3.1/V5His vectors expressing S1P1 to generate S1P1-overexpressing HK2 cells (S1P1-HK2) which were allowed to grow for 24 h. PBS was used to wash the cells prior to geneticin supplementation (G418 sulfate; 300-500 μg/ml; Gibco, Gaithersburg, USA) in DMEM/F12 (EuroClone, Pero, Italy) medium. Independent colonies that were viable after 2-3 weeks were selected and amplified. Hypoxia of the cells was achieved using Anaerob Atmosphere Generation Bags (Sigma; 68061), and indicator tests (Sigma; 59886) were performed to examine the anaerobic circumstances. This device decreased oxygen levels to under 1% in 1 h while maintaining a constant pH value. Next, the cells were allowed to grow under circumstances of normal air for 6 h (transcription analysis) or 24 h (translation analysis; reperfusion stage). After an entire cycle of H/R, cells were referred to as H/R cells. Cells in the control group were allowed to grow under normoxia condition for identical time periods.
Western blot analysis
Western blot analysis was performed according to the procedure described previously [23] to determine HIF-1 alpha expression. Radioimmunoprecipitation assay (RIPA) buffer was used to lyse the cultured cells. A mixture of Tris-HCl (50 mM, pH 5.0), triton X-100 (0.5%), NaCl (150 mM), and Complete Protease Inhibitor Mixture (Roche Applied Science, Basel, Switzerland) was applied to the cell lysates to analyze proteins found in the cytoplasm. An equivalent quantity of proteins was then supplemented with decreasing sample buffer and denatured for 10 min at 100°C. Subsequently, protein samples were subject to 10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), and then transferred to nitrocellulose membranes. Membranes were blocked with skim milk (5%) in TBST buffer (0.1% Tween-20, 50 mM Tris-HCl, pH 7.4, 150 mM NaCl) at room temperature for 1 h. Then membranes were incubated with anti-FN (Santa Cruz, Santa Cruz, USA; sc-9068), anti-S1P1 (Abcam, Cambridge, UK; 11424), and anti-α-SMA (Sigma; A5228) primary antibodies overnight at 4°C, followed by incubation with HRP-conjugated secondary antibodies for 1 h at room temperature. Finally, a substrate solution (SuperSignals West Pico Chemiluminescent, Rockford, USA) was applied to visualize and analyze the signals.
Immunofluorescence staining
Tissues embedded in paraffin were sectioned into 4-μm slices and incubated with 5% BSA in PBS and at 37°C for 1 h to saturate the non-specific binding sites. Anti-S1P1 primary antibodies, diluted in PBS with 1% BSA, were applied to the sections and incubated overnight at 4°C. Thereafter, the sections were incubated with a secondary antibody (anti-rabbit-Cy3) for 45 min. Hoechst 33258 was used to stain the cell nuclei. Finally, images were acquired with a Leica SP5 confocal microscope (Berlin, Germany).
Real-time polymerase chain reaction analysis
Trizol reagent (TaKaRa, Dalian, China) was used to extract total RNA from the kidney tissues. cDNA was generated via reverse transcription of 4 μg total RNA using PrimeScript RT Master Mix (TaKaRa). The ABI 7500 system (Applied Biosystems, Foster City, USA) was utilized to perform quantitative qPCR. Primers (TaKaRa) for all genes analyzed are listed below: FN, forward, 5′-GTGTGTTGGGAATGGTCGTG-3′ and reverse, 5′-GACGCTTGTGGAATGTGTCG-3′; α-SMA, Figure 1 . S1P1 expression suppresses EMT triggered by ischemia/reperfusion in canaliculus epithelium Wild-type (WT) HK2 cells were subject to hypoxia/ reperfusion (H/R) and one group was pretreated with 100 nM FTY720-P for 1 h. (A) mRNA level of the indicated gene was detected by qPCR. (B) Protein levels of the indicated genes were measured by western blot analysis. (C) The morphology of cells after the indicated treatment was performed. Scale bars = 100 μM. (D) S1P1 mRNA levels in wild-type and S1P1 HK2 cells were measured by qPCR. (E) The mRNA levels of the indicated genes were detected by qPCR in S1P1 HK2 cells exposed to H/R. (F) The protein levels of the indicated genes were measured by western blot analysis in S1P1 HK2 cells treated with H/R. Data are shown as the mean ± SD from three independent experiments. ** P < 0.01 compared with the control group.
forward, 5′-GAAGAAGAGGACAGCACTG-3′ and reverse, 5′-TCCCATTCCCACCATCAC-3′; GAPDH, forward, 5′-CATCAACGGGAAGCCCATC-3′ and reverse, 5′-CTCGTGGTT CACACCCATC-3′. PCR was carried out using the following cycle conditions: 94°C for 5 min; 35 cycles for 40 s at 94°C, maintaining at 58°C for 40 s, and at 72°C for 60 s; and terminal elongation for 10 min. Expression was evaluated according to the 2 −ΔΔCt method.
Statistical analysis
All results were analyzed using SPSS 16.0 software (SPSS Inc., Chicago, USA). Data were shown as the mean ± standard deviation (SD). ANOVA was used to determine the difference between the treatment and control groups. The following limits were taken as thresholds of significance (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001).
Results
S1P1 overexpression inhibited I/R-induced EMT kidney canaliculus cells
To determine the influence of S1P1 on EMT in kidney canaliculus cells after H/R, we first examined S1P1 expression in HK2 cells after H/R. Interestingly, as shown in Fig. 1A ,B, qPCR and western blot analysis demonstrated that H/R could trigger a noticeable S1P1 down-regulation at the mRNA and protein levels in HK2 cells. Simultaneously, the expressions of classical EMT markers, FN and α-SMA, were up-regulated following H/R. Visual observations showed a loss of cohesion, induction of cell motility, and a change in cell morphology (Fig. 1A-C) . Notably, pretreatment of HK2 cells with 100 nM FTY720-P, an S1P1 agonist, for 1 h, restored the S1P1, α-SMA, and FN expressions to basal levels (Fig. 1A,B) . Furthermore, a stable SIP1-overexpressing HK2 cell line was generated in which S1P1 expression (according to qPCR) in S1P1 HK2 cells was 18-fold higher than that in wild-type HK2 cells (Fig. 1D) . After H/R, both α-SMA and FN expressions remained unchanged (Fig. 1E,F) .
I/R led to down-regulation of S1P1 expression in a mouse model
In order to verify whether I/R could trigger down-regulation of S1P1 expression in vivo, bilateral arteria renalis were clamped in WT mice for 30 min to trigger I/R injury; the mice were executed 48 or 72 h later. Interestingly, S1P1 expression was slightly lower 48 h after reperfusion ( Fig. 2A) , although the difference was not statistically significant. Some kidneys samples underwent immunofluorescence staining (IS) 72 h after reperfusion. Here, remarkable down-regulation of S1P1 expression could be seen in tubular-interstitial and glomerular areas (Fig. 2B,C) . Additionally, the suppression of S1P1 expression was confirmed by qPCR in samples tested 72 h after reperfusion (Fig. 2D) .
S1P1 null mice were more susceptible to I/R-induced EMT
In order to evaluate whether down-regulation of S1P1 expression could promote I/R-induced EMT, S1P1 was conditionally deleted in kidney proximal canaliculus cells, and bilateral arteria renalis were clamped in both WT and S1P1-null mice. As described above, mice were executed either 48 or 72 h after I/R. Analysis of VIM and α-SMA gene expressions 72 h after reperfusion revealed a noticeable upregulation of both genes in S1P1 null mice (Fig. 3) . EMT biomarkers were not significantly enhanced at the mRNA levels in mice examined 48 h after reperfusion.
PI3K/Akt pathway participated in the inhibitory effects of FTY720 on renal EMT
In order to validate the association between PI3K/Akt signaling and the inhibitory effects of S1P1 in renal EMT, we first examined the Akt activation. In comparison with the control group, p-Akt expression was increased after H/R in WT HK2 cells; a single pretreatment with 100 nM FTY720-P significantly suppressed this increase (Fig. 4A) . Furthermore, the addition of the PI3K/Akt suppressor wortmannin also blocked the H/R-induced increase of p-Akt (Fig. 4A) . Treatment with either FTY720-P or wortmannin reversed the up-regulated expressions of α-SMA and FN in WT HK2 cells after H/R (Fig. 4B) .
Discussion
Stimulated myofibroblasts in renal canaliculus cells are a major contributor to the generation of laminin, collagen IV, and fibronectin, and to tubular-interstitial fibrosis (TIF) [24] . These myofibroblasts express α-SMA, which induces the assembly of smooth muscle cells [25] . Renal myofibroblasts are generated from pericytes, fibrocytes, interstitial fibroblasts, endothelium, and tubular epithelium cells [26, 27] . It has recently been reported that human EMT serves as an essential source of these renal cells described above and that it promotes TIF generation and CKD development [28] . During EMT, the interstitial microenvironment is full of chemokines and cytokines arising from the response of tubular epithelium to stimulants, such as reactive oxygen species (ROS), proteinuria, hypoxia, and hyperglycemia. Lymphocytes and macrophages drawn by chemokines deliver extra agents, such as EGF, FGF-2, and TGF-β [9] , all of which help the progression of tubular EMT, which can lead to fibrosis. These reactions are common in kidney transplantation, and indeed, a noticeable number of kidney transplant patients encounter fibrosis and EMT shortly after transplantation [29] . In particular, it has been demonstrated that fibrosis occurs in patients with postponed graft function, during which kidney function is slowly regained. Dialysis is necessary during this period [30] . S1P1 stimulation is indispensable for cell survival, and complete deletion is fatal at the embryonic stage [31] . With the use of the potent SIP1 agonists, FTY720 and SEW2871, previous studies demonstrated the protective function of S1P1 against I/R injury, mostly in the proximal canaliculus, which was unaffected by lymphopenia [16] . In the present study, we explored whether S1P1 plays a role in I/R-induced EMT. In both cell-based in vitro and in vivo mouse models, upregulation of the expressions of classical EMT markers was observed after I/R, confirming the role of EMT in renal pathogenesis [8] . With the appearance of EMT, down-regulation of S1P1 was also observed. Interestingly, FTY720 significantly attenuated H/R-induced EMT in proximal canaliculus epithelium HK2 cells. Since all four SIP receptors were shown to respond to FTY720 [32] , a more elegant mouse model (SIP1-null mice) was used to confirm the role of S1P1, but not S1P2 or S1P3, in I/R-induced EMT. Consistent with our observation in HK2 cells, S1P1-null mice were more susceptible to I/R-induced EMT, although EMT was not triggered in S1P1-null mice. However, future studies are needed to explore whether other S1P family members also contribute to I/R-induced EMT.
Our investigation about the mechanism by which S1P1 inhibits kidney EMT triggered by I/R injury showed down-regulation of the PI3K/Akt pathway by FTY720. As a series of highly conserved signal transducing agents, PI3K can stimulate downstream Akt (also named PKB) to modulate cell viability, cell death, proliferation, and diverse biological reactions, such as chemotaxis and inflammation [33] . It has been demonstrated that I/R can trigger PI3K/Akt stimulation, which enhances survival, as well as the proliferation of kidney canaliculus epithelium [34] . Nevertheless, the influence of PI3K/ Akt on FTY720 in I/R is yet undetermined. Consequently, in our study, we explored whether the PI3K/Akt pathway is associated with the inhibitory effects of FTY720 in a renal I/R-induced EMT model. First, our results identified that Akt phosphorylation was increased in renal tubular epithelial cells after H/R and attenuated by FTY720. Furthermore, we found that the PI3K/Akt suppressor wortmannin also blocked the I/R-induced activation of Akt and EMT. These results suggest that the PI3K/Akt pathway is required for EMT to occur after renal I/R injury, and that FTY720 acts as an Akt inhibitor to block EMT after I/R injury. The potential downstream functional molecules activated by the PI3K/Akt signaling pathway that are involved in the activity of FTY720 warrant further investigation. In addition, the source of S1P1 in kidneys should be determined, since S1P1 from other kidney cells may also contribute to I/R-triggered EMT progression.
In summary, the results of this study indicate that S1P1 is essential to I/R-triggered EMT progression. S1P1 suppression may provide an innovative strategy to reduce or avoid renal fibrosis.
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